Lawsonia inermis also known as henna was studied as a corrosion inhibitor for aluminum alloy in seawater. The inhibitor has been characterized by optical study via Fourier transform infrared spectroscopy (FTIR). The FTIR proves the existence of hydroxyl and carbonyl functional groups in Lawsonia inermis. Aluminum alloy 5083 immersed in seawater in the absence and presence of Lawsonia inermis was tested using electrochemistry method, namely, electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization (PP). EIS and PP measurements suggest that the addition of Lawsonia inermis has caused the adsorption of inhibitor on the aluminum surface. The adsorption behavior of the inhibitor follow Langmuir adsorption model where the value of free energy of adsorption, −Δ , is less than 40 kJ/mol indicates that it is a physical adsorption. Finally, it was inferred that Lawsonia inermis has a real potential to act as a corrosion inhibitor for aluminum alloy in seawater.
Introduction
Recently, eco-friendly and biodegradable commodities have caused a shift towards the use of natural product instead of using toxic materials [1] . Furthermore, natural products derived from various flora and fauna are believed to be safe due to their nontoxic, noncarcinogenic, and biodegradable nature [2] [3] [4] . Heavy metals such as lead (Pb) which are produced from industry (painting, charcoal burning, and leaded gasoline) are known to be a threat to the marine environment [5] . A previous research has employed Thymus vulgaris as a corrosion inhibitor for stainless steel in acidic solution [6] . The findings show that the inhibitor efficiency increases as the concentration increase. A very similar finding was obtained by the other researchers using various plant extracts such as Piper longum, Griffonia simplicifolia, alba pendula, and tobacco rob [7] [8] [9] [10] .
Lawsonia inermis (henna) could become one of the potential natural materials for anticorrosion due to its application for more than 5000 years as hair and skin pigments due to its excellent dye property [11, 12] . The presence of 2-hydroxy-1,4-naphthoquinone attributes to the important activities such as antioxidant, anti-inflammatory, anticancer, and anticorrosion [13] [14] [15] . Lawsonia inermis exhibits an exquisite inhibition effect towards corrosion [16] [17] [18] . Polarization technique was used to characterize the aqueous extract of the henna leaves as a corrosion inhibitor of carbon steel, nickel, and zinc in acidic, neutral, and alkaline solutions reported elsewhere [19] .
The mechanism of the organic inhibitor is usually an adsorption process. The heteroatom in the inhibitor's molecule acts as an active site for the adsorption to take place. The physical and chemical properties of inhibitor molecule influence the adsorption process and this is related to the electronic density of donor atoms and the possible steric effects [20] . Furthermore, the nature of metal surface, the chemical composition of the corrosive medium, and temperature of the reaction and on the electrochemical potential at the metal/solution interface also manipulate the adsorption process [21] . Nevertheless, to the best of author's knowledge, the study of Lawsonia inermis as a corrosion inhibitor has never been employed to aluminum alloy in seawater. In marine industry, metals like aluminum alloy play tremendous roles in which they are used widely for shipbuilding, chemical plant, and offshore structure [22, 23] . The increasing sector demand for higher speed performances and cheap assembly technology has made aluminum alloy as one of the best choices as a structural material for boats, vessels, and components [24, 25] . The advantages of aluminum in many ways have propelled it into one of the widely used metals in the marine industries.
Advances in Physical Chemistry
To better understand the inhibitive behavior of natural products, Lawsonia inermis as corrosion inhibitor was investigated via electrochemical impedance spectroscopy and potentiodynamic polarization. Meanwhile, the optical study was conducted by using Fourier transform infrared (FTIR) and the quantum chemical calculation was done to determine the synergism behavior of the inhibitor.
Experimental

Surface Preparation of Aluminum Alloy 5083 (AA5083).
AA5083 with the dimension of 25 mm × 25 mm × 3 mm was polished by using emery paper with different grades (600, 900, and 1200). Then the samples were cleaned with acetone and rinsed with distilled water, dried in air, and then stored in desiccators prior to use. Table 1 shows the composition of AA5083 [26] .
Extraction of Lawsonia inermis (Henna).
The fresh leaves of Lawsonia inermis were dried at room temperature and then crushed into powder form. Lawsonia inermis powder was mixed with ethanol and left for a week. Then, the mixture was extracted by means of the rotary evaporator. The residue left in the flush was used directly by diluting it to 20 liters of seawater with respect to inhibitor concentration. Seawater was collected at Universiti Malaysia Terengganu beachfront. The composition of South China Sea seawater is shown in Table 2 .
Fourier Transform Infrared Analysis (FTIR) and Ultraviolet Visible Spectroscopy (UV-Vis)
. FTIR was carried out using Thermo Nicolet 380 FTIR Spectrometer. The spectrometer was used to identify the functional groups of Lawsonia inermis by observing at the vibrational motion of bonds in the molecule. An infrared light was passing through the sample that was placed on the germanium crystal. The frequency was ranging from 4000 to 675 cm −1 with spectra resolution of 4 cm −1 following the work done as reported elsewhere [27] . The FTIR data was recorded in the transmittance mode. The transmittance and reflectance of the infrared rays at different frequencies were translated into an IR absorption plot consisting of reverse peaks. The spectral pattern was analyzed and matched according to IR absorption table to identify the functional group contained in the Lawsonia inermis. Figure 1 shows the molecule structure of lawsone that is the central component in Lawsonia inermis [16, 28] . A UV-Vis measurement was performed using an in-house built cell which allowed the transmission of light through the cell. UV/Vis spectroscopy (Lambda 265, Perkin Elmer) recorded the absorbance between 200-800 nm in transmission mode where ethanol was used as the background.
Electrochemical Impedance Spectroscopy (EIS)
. EIS was used to study the impedance characteristic as well as capacitance behavior of AA5083 in the presence and absence of henna. The EIS measurement was performed by using alternating current (AC) signal of impedance measurements by means of Autolab PGSTAT302N with respect to the open circuit potential (OCP). All the potentials referred were relative to saturated calomel electrode (SCE). The impedance measurements used a frequency range of 1 kHz down to 10 mHz. The results were analyzed using the fit program of NOVA 1.10.
Open circuit potential (OCP) measurement was conducted to investigate the potential of electrode at various temperatures. OCP was run for 1800 s while the limit / was set to 1 V/s. The average potential was taken as the OCP of the electrode.
Potentiodynamic Polarization (PP).
Potentiodynamic polarization (PP) is the most common polarization method used for measuring corrosion resistant. The cell used was a conventional three electrodes with a platinum wire counter electrode (CE) and Ag/AgCl as a reference electrode (RE). The working electrode (WE) is in the form of a square Advances in Physical Chemistry 3 cut so that the flat surface would be the only surface in the electrode. The potentiodynamic current-potential curves recorded the data after the electrode potential was automatically changed from −200 mV to +200 mV with the scanning rate of 10 mVs −1 . The results were analyzed and fitted using NOVA 1.10 program. Corrosion current density ( corr ) was calculated by using a validated Stern-Geary equation [29] as shown in (1) where is anodic Tafel slope, is cathodic Tafel slope, and is the polarization resistance:
Inhibition Efficiency ( ).
Inhibition efficiency ( ) was calculated based on the findings gained from EIS and PP measurements. The calculated value of from EIS method was done by employing (2) , where ct(inhibitor) is the charge transfer resistance in the presence of inhibitor while ct is the charge transfer resistance in the absence of inhibitor:
The value of corr was used to determine the inhibition efficiency of Lawsonia inermis based on
where corr is the corrosion current density in the absence of inhibitor and corr(inhibitor) is the corrosion current density in the presence of inhibitor.
Adsorption Isotherm.
To understand the adsorption mode of the corrosion resistance on the surface of AA5083, the data obtained from the three different techniques were tested with several adsorption isotherms models including Langmuir, Frumkin, and Temkin. The surface coverage, , was calculated by following equation where is the inhibition efficiency:
The plots of concentration ( ) versus concentration/surface coverage ( / ) were plotted to determine the thermodynamic parameter.
Results and Discussion
Fourier Transform Infrared (FTIR)
. FTIR method determines the type of vibrational band presence in Lawsonia inermis. Lawsonia inermis is known to contain various constituents such as lawsone, flavonoids, gallic acid, and tannin [30] . Infrared spectrum for Lawsonia inermis reveals two major expected frequency regions of the band of interest namely hydroxyl (OH) and carbonyl (C=O). Lawsone (2-hydroxy, 1,4-naphthoquinone) is represented by the hydroxyl group. A
Transmittance (a.u) broadband centered at 3376 cm −1 in Figure 2 was attributed to the stretching vibration of the hydroxyl group which can be found at the first lawsone aromatic ring [31, 32] . The broad absorbance is due to the intramolecular hydrogen bonding between the OH group and adjacent oxygen atom. Lawsone and tannin which were represented by hydroxyl and carbonyl functional group improved Lawsonia inermis performance as chelating agent [33] .
Quinones usually exhibit its carbonyl band in the range of 1655-1690 cm −1 [34] . The adsorption bands which appeared at 1722 and 1633 cm −1 were attributed to , -unsaturated carbonyl band [35] . The presence of hydroxyl or oxidation process at C=O results in lowering the frequency due to charge transfer complexes of hydroquinone [36] . Quinones can bond potentially to metal ions in three different states: (i) quinone, (ii) its one electron reduced to form semiquinone, and (iii) catechol the two electrons reduced form [37] .
The adsorption of Lawsonia inermis on the metal surface greatly depends on its functional groups. Carbonyl (C=O) and hydroxyl (-OH) as the major Lawsonia inermis constituents improve henna as chelating agent [38, 39] . The existence of these compounds helps henna molecules to chelate on the surface of AA5083 and hence reduces the surface exposure to the chloride attack where the similar result has been demonstrated [33] .
While C=C has a lower dipole, it gives a less absorbance intensity compared to C=O. Usually this functional group can be found at lower frequency that is less than 1600 cm −1 . As seen in this IR spectra, C=C was found as a weak band at 1448 cm −1 signifying aromatic C=C group [36] . The UV-Vis spectra of Lawsonia inermis and its main constituent, 2-hydroxy-1,4-naphthoquinone (HNQ), are depicted in Figure 3 . A weak absorption band of Lawsonia inermis at 286 nm is due to the presence of benzene and quinone with - * electron transition. The attachment of functional group such as hydroxyl (OH) at the benzene ring causes a longer wavelength peak at 342 nm as shown by the HNQ. Another weak absorption band at 416 nm is due to the - * transitions of carbonyl group in the quinone ring [40] .
Electrochemical Impedance Spectroscopy (EIS).
Electrochemical impedance spectroscopy (EIS) was further conducted in order to investigate the impedance and capacitive behavior at the metal/solution interface. Figure 4 (a) shows Nyquist plots obtained from AC impedance measurements of AA5083 at different doses of Lawsonia inermis. The semicircular shapes observed at all concentrations of Lawsonia inermis indicate that there are no changes in corrosion mechanism irrespective of the absence and presence of inhibitor. The size of the semicircle reflects the degree of the inhibitor's impedance. Larger semicircle visualizes higher impedance that contributes to better inhibition performance. As seen, there are a few imperfect semicircles in the plots which are due to the inhomogeneity or surface roughness of the electrode [41] [42] [43] [44] and hence lead to the frequency dispersion which is typical for solid metal electrode [45] .
Oxidation of aluminum by oxygen, O 2 , is a fast reaction. Hence, it is impossible to produce an oxide-free surface [46] . The formation of the oxide layer on the aluminum surface due to the interfacial reaction and the adsorption of Lawsonia inermis on the aluminum surface are defined by the single capacitive loop as seen in the plots. The loop is also associated with the charge transfer involved in the corrosion process as well as double layer behavior. All processes, that is, formation of oxide layer and adsorption of inhibitor on the metal surface, are represented by a single capacitive loop due to of the overlapping of these processes.
Theoretically, the dissolution of aluminum in seawater starts when there is a formation of Al + at the metal-oxide interface [47] . The ions then migrate through oxide-solution interface and oxidized to Al 3+ which is similar to the work by previous researcher [45] . The presence of inhibitor prominently causes the complexation of the inhibitor with an oxide layer at the aluminum surface. The adsorption that occurs at the interface (metal-oxide-hydroxide-inhibitor) leads to the formation of a complex compound [45, 48] . The chronology of the mechanisms can be determined as follows.
In the anodic half-cell reaction, the dissolution of aluminum takes place according to the following equation [49] [50] [51] :
The oxygen reduction occurs at cathodic half-cell yielding the following equation:
The overall equation is represented by the following equation:
In chloride containing solution like seawater, the aluminum anion undergoes hydrolysis:
Aluminum hydroxide reacts with chloride: It further reacts with water consequently producing acidic conditions:
The inhibitor acts by adsorbing on the metal surface by displacing the water molecules, hence [4, 47] :
Due to positively charge of the inhibitory complex, the repulsion on H + occurs and reduces the hydrogen evolution process.
The value of charge transfer resistance, ct , constant phase element, CPE, and inhibition efficiency, , is tabulated in Table 3 . ct is the value which represents a measure of electron transfer across the surface and is inversely proportional to the corrosion rate [52, 53] . The value of ct is low in the absence of inhibitor and upon addition of the inhibitor, this value increases until 600 ppm. Exceeding this dose causes the value of ct to decrease due to the electrostatic repulsion at the metal-inhibitor interface and the remaining inhibitors in the system have likely to form natural aggregate which resulted in the decrease of the inhibition efficiency. Therefore, the optimum value of ct and inhibition efficiency ( ) at 600 ppm indicates that this is the best concentration of Lawsonia inermis in this system.
In this study, CPE is treated as a parallel combination of a pure capacitor and a resistor being inversely proportional to the angular frequency where is solution resistor and ct is charge transfer resistance. A greater depression in Nyquist semicircle diagram is due to the electrode surface irregularity, where the metal-solution interface acts as a capacitor with irregular surface. The impedance of the CPE is expressed as [50, 53, 54] 
where 0 is the magnitude of the CPE, is the imaginary unit, is the angular frequency ( = 2 , where is the AC frequency), and is the CPE exponent (phase shift).
The value of CPE in this study was in the opposite trend compared to the value of ct . The decrease of CPE was due to the decrease in the local dielectric constant and/or an increase in the electrical double layer. This phenomenon shows that the inhibitor works by the adsorption process where the water molecule on the metal surface is replaced by the inhibitor.
Two assumptions were made in order to determine the value of CPE in which the first assumption is CPE is due to the surface distribution across an interface. Physically, this model implies that the interface varies in impedance within the plane of interface and would be the case if the oxide film was uniform across the surface. The second assumption is that the film varies through its thickness and the film impedance and is modeled as a series of R-C-R circuits as shown in Figure 5 [55] .
The Bode plot represents a wide range of frequency data which can be plotted in one graph. In the Bode plots, log | |, and phase angle ( ∘ ) are plotted against log (Hz). A Bode phase in Figure 4 (b) shows phase angle plots for aluminum alloy in seawater. In the absence of inhibitor, the phase angle falls nearly at 0 ∘ in the high frequency region. This is a characteristic response to resistive behavior. The presence of Lawsonia inermis has caused the phase angle to fall at higher degree compared to uninhibited sample. The presence of Lawsonia inermis has remarkably altered the system to act more likely a capacitive behavior. ∘ phase angle. The deviation of from the ideal capacitor (−90 ∘ ) arises due to the nonideal behavior of the capacitor represented by the control phase element in the circuit (Figure 4) .
For a log | | versus log plots as depicted in Figure 4 (c), the uninhibited system tends to approach zero which represented the resistive behavior at high frequency. All the inhibited systems show a −1 slope which lies from high frequency to intermediate frequency. The magnitude of log | | was found to be the lowest at uninhibited system while the highest magnitude of log | | was found at 600 ppm which indicates that this is the optimum concentration of inhibitor to be used. The capacitive behavior is represented by the liner relationship between the log | | and log . It is evidence that the addition of Lawsonia inermis has changed the characteristic of the system from resistive behavior to capacitive behavior.
Open circuit potential (OCP) is measured to determine the potential stability of aluminum alloy (5083) in the presence and absence of Lawsonia inermis as shown in Figure 6 . To this point, there is no electrical interruption and the net potential measured on electrode is the noble potential [56] . The absence of Lawsonia inermis has caused the electrode to be in the most negative potential region. It is prominent for the electrode to undergo general corrosion in this region compared to the electrode which has more positive potential [57] . Apparently after the addition of Lawsonia inermis, the potential moves towards more positive region. The electrode becomes less active due to the decreased rate of metal dissolution [58] .
Potentiodynamic Polarization (PP).
Potentiodynamic polarization study was conducted to distinguish the effect of the inhibitor on the anodic dissolution of AA5083 and cathodic oxygen reduction correspondingly. Table 4 reveals polarization parameters of AA5083 in the presence and absence of Lawsonia inermis. Lawsonia inermis was assumed to act as an anodic inhibitor due to its noticable changes in anodic Tafel branch, value. The adsorption of Lawsonia inermis on AA5083 surface restrained the corrosion process by merely blocking the reaction site of the metal surface and consequently reducing the value of [59, 60] .
A graphical data as depicted in Figure 7 shows a prominent shifting in cathodic Tafel branch, , to a lower value of corrosion current density. The mechanism of the oxygen reduction occurs at the cathodic region which afterward causes the shifting of [45, 61] . It is well known that the changes in justify the modification in the cathodic reaction mechanism. Hence, the second assumption was made that Lawsonia inermis act as cathodic inhibitor.
A breakdown potential, , was prominently seen for the aluminum samples inhibited at 800 ppm and 1000 ppm. is a potential at which the anodic polarization curve shows a marked increase in current density, leading to the breakdown of the passive film and pit initiation. For both concentrations, is an indicator as a breakdown of the inhibition film which causes a further reduction in inhibition efficiency.
Adsorption Isotherm.
Adsorption isotherm study was conducted to investigate the interaction between the metal and inhibitor as well as the equilibrium of the adsorption. The process of adsorption occurs when liquid or gas accumulates on the surface of a solid or liquid, forming a molecular or atomic film. In general, adsorption isotherm can be divided into two categories. First category occurs when the molecules adsorb but their chemical originality remains unchanged. In this state, the adsorption bond between inhibitor molecule and surface is fairly weak. The molecules may exchange their peer molecules from solution. In contrast, the adsorption bond may be very strong due to charge transfer reaction and result in the formation of new species.
Organic inhibitor adsorption is generally a substitution process of water molecules on the metal surface by inhibitor molecule. There are a few models available for the fitting purposes but the Langmuir adsorption model was found to fit well with the experimental data. The plot of Langmuir adsorption model is shown in Figure 8 where the value of is equal to /100. The general form of the Langmuir adsorption model is [62] = max 1 + ,
where is the amount of adsorbate adsorbed on the adsorbent at equilibrium (mol g −1 ), max is the maximum adsorption capacity corresponding to a complete monolayer coverage on the adsorbent surface (mol g −1 ), is the Langmuir constant (dm 3 mol −1 ), and is the concentration of adsorbate at equilibrium (mol dm −3 ). The values of max and can be evaluated from the slope and the intercept of the linear form of the Langmuir equation:
The free energy change, Δ , of adsorption is given by Δ = − ln , where is the universal gas constant (8.314 J mol
, is the temperature (K), and is the equilibrium constant.
Free energy of adsorption, Δ , values is tabulated in Table 5 . The negative value indicates that the adsorption on the metal surface is spontaneous. Δ values around −20 kJ/ mol or lower are consistent with the electrostatic interaction between charged molecule and charged metal surface known as physisorption. If the value is higher, the chemisorptions will occur where the coordinate type of metal bond will be formed by the charge sharing or transfer from organic molecules to the metal surface. The negative value of Δ suggests that the physisorption of inhibitor on the metal surface is a spontaneous process and the adsorbed layer was stable [63] . The adsorption of Lawsonia inermis is favored by the presence of lone pair electrons of O atom. Lawsonia inermis molecules were adsorbed on the aluminum surface due to electrostatic forces [64] [65] [66] . Adsorption of this inhibitor has displaced the water molecules available on the metal surface. The interaction between the organic molecules and the metal surfaces is obtained from various adsorption isotherm models. Assuming that the inhibition was due to the adsorption, was considered as surface coverage on the molecule [67] . The presence of electrons donating group in the inhibitor and delocalized aromatic ring may provide electrostatic adsorption. The higher inhibition efficiency may also suggest the formation of inhibitor surface complex that offers barrier protection. The positively charged surface complex prevents the approach of H + ion by electrostatic repulsion. Figure 9 (a) represents a metal-solution interface for uninhibited system. The charge transfer resistance, ct , is a corresponding value between the metal and the OHP (outer Helmholtz plane). Without the inhibitor, the ionic layer is dense with the cation which migrates from the bulk solution and accumulates near the OHP due to the polarity of water molecules. Hence the value of CPE is high at this state. Figure 9 (b) shows that the protonation of Lawsonia inermis has caused the protonated inhibitor to electrostatically adsorb onto the metal surface through its hydrogen ions. The adsorption of this ion consequently reduces the value of CPE due to the reduction of thin ionic layer at the OHP and at the same time increases the value of ct as well.
Lawsonia inermis can be categorized as a cooperative adsorbent due to its ion adsorption on metal/oxide/surface impurities such as chloride ion. For cooperative adsorption, the protonated lawsone can electrostatically adsorb onto the chloride-covered surface through its hydrogen ion as shown in Figure 10 . As previously discussed, quinone reduces its one electron to form semiquinone while the available hydrogen ions adsorb electrostatically with chloride ion on the aluminum surface. . Figure 11 shows the SEM micrograph of AA5083 at 600 ppm concentration of Lawsonia inermis. An adsorbed white flake can be seen on the metal surface and densely distributed on the metal surface. The adsorption of Lawsonia inermis reduced the free space on metal surface and hence the chloride cannot attack the metal surface. The display figure shows no cracks and pits at this concentration. The employment of Lawsonia inermis as corrosion inhibitor was seen to be successful due to this behavior. While in the absence of Lawsonia inermis, the surface of AA5083 shows cracks, pits, and heterogenous layers as can be seen in Figure 12 . The black spot around the cracks was believed to be the redeposition of copper (Cu) due to the intermetallic reaction with the metal matrix.
Morphology Study via Scanning Electron Microscope
Conclusion
Lawsonia inermis is a possible green material to be developed as corrosion inhibitor for aluminum alloy in marine environment. This is due to the existing of heteroatoms like oxygen and hydrogen which become active centres for adsorption process. Via electrochemical method, the inhibitor was found to enhance the charge transfer resistance, ct , as the concentration increases. The capacitive behavior of the inhibitor decreases correspondingly to the increasing of concentration signifying that the inhibitor alters the dielectric constant of the layer. corr value shifted towards the cathodic region and the difference of corr in the absence and presence of inhibitor is 34 mV suggesting that Lawsonia inermis is a mixed type inhibitor. The corrosion current density value, corr , decreases upon the addition of inhibitor suggesting that the adsorption of the inhibitor has reduced the current passing through the system, and at the same time the inhibitor demonstrates the semiconductor behavior by limiting the current flow through the system. The adsorption isotherm calculation shows that the inhibitor is well fitted to the Langmuir adsorption model while the value of free energy, Δ , is less than −20 kJ/mol indicating that the inhibitor performs an electrostatic adsorption which is considered as physical adsorption. All characterizations show that, at 600 ppm, the inhibitor is excellently inhibiting the corrosion process and the highest inhibition efficiency is gained at this concentration. Therefore, 600 ppm of Lawsonia inermis is the best concentration to be used as corrosion inhibitor for aluminum alloy in seawater.
